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I NTRODUCT I ON 

Th ick - ta rge t  bremsstrahlung measurements have been repor ted  

f o r  a number o f  elements i n  the  e l e c t r o n  energy range o f  0.2 t o  2.8 MeV. 

Related e l e c t r o n  d i f f u s i o n  experiments have a l s o  been repor ted  i n  t h e  

same energy range. Although these experiments were performed p r i m a r i l y  

f o r  comparison t o  c a l c u l a t i o n s ,  o n l y  a l i m i t e d  number o f  t h e  exper i -  

mental spec t ra  have been compared t o  c a l c u l a t e d  spectra.  

I n  t h e  present r e p o r t  numerous comparisons o f  t he  exper i -  

mental r e s u l t s  publ ished e a r l i e r  a r e  made t o  t h e  t h i c k - t a r g e t  brems- 

s t rah lung  and e l e c t r o n  d i f f u s i o n  spec t ra  generated by the  Monte Car lo  

program ETRAN 15 o f  M. J .  Berger and S.  M. Se l t ze r  o f  the  Nat iona l  

Bureau o f  Standards. The spec t ra  were c a l c u l a t e d  a t  t he  George C .  

Marshal l  Space F l i g h t  Center, NASA, by J .  H. Derr ickson. 

I n  a d d i t i o n  t o  comparisons o f  t h i c k - t a r g e t  bremsstrahlung 

and e l e c t r o n  t ransmiss ion  spectra,  several  comparisons o f  exper imental  

e l e c t r o n  bremsstrahlung c ross-sec t ion  values t o  t h e o r e t i c a l  values 

from t h e  r e l a t i v i s t i c ,  s e l f - c o n s i s t e n t  f i e l d  model o f  Brysk, Zerby and 

Penny a r e  included. Because o f  t h e  complex i ty  o f  t h e  theory ,  i t  was 

p r a c t i c a l  t o  eva lua te  t h e  formulas o n l y  i n  a r e s t r i c t e d  e l e c t r o n  energy 

range. Eva lua t ions  o f  the  formulas o f  Brysk, Zerby, and Penny were 

c a r r i e d  o u t  a t  t h e  George C .  Marshal l  Space F l i g h t  Center, NASA. Modi- 

f i c a t i o n s  o f  t h e  o r i g i n a l  programs were made by Q. Peasley, who supp l ied  

the  va lues  shown i n  t h i s  r e p o r t .  
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THICK-TARGET BREMSSTRAHLUNG 

Experimental s tud ies  o f  e l e c t r o n  bremsstrahlung have been 

rgpor ted  a t  i n c i d e n t  e l e c t r o n  energies o f  0.2, 1.0, 2.0, and 2.8 MeV 

f o r  A l ,  Fe, Sn, and Au t a r g e t s  and a t  e l e c t r o n  energies o f  0.2, 1.0, 

and 2.0 MeV f o r  Be ta rge ts . ’  

was d i r e c t e d  t o  t h e  t a r g e t s  w i t h  perpend icu la r  incidence. L i m i t e d  

t h i c k - t a r g e t  bremsstrahlung measurements have a l s o  been made f o r  t h e  

case o f  non-perpendicular incidence o f  t h e  e l e c t r o n  beam t o  the  t a r g e t .  

Comparisons inc luded i n  t h i s  sec t ion ,  however, a re  f o r  perpend icu la r  

inc idence on ly .  The t a r g e t  th ickness  f o r  each i n c i d e n t  e l e c t r o n  energy 

and element corresponded t o  the e l e c t r o n  range, o r  s l i g h t l y  g rea ter ,  a t  

t h a t  energy i n  a l a y e r  o f  t h e  p a r t i c u l a r  element as computed by Berger 

and Sel t z e r 3  i n  the  continuous s lowing  down approximat ion.  The t a r g e t  

th icknesses a r e  g iven i n  u n i t s  o f  g/cm2 i n  the  f i g u r e s  showing the  

spec t ra  a t  d i f f e r e n t  emission angles. The t o t a l  t ransmiss ion  spec t ra  

were de r i ved  from the  angular data and t h e r e f o r e  r e l a t e  t o  the  same 

t a r g e t s  as the  spec t ra  d i f f e r e n t i a l  i n  angle. 

For these measurements the  e l e c t r o n  beam 
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Comparisons o f  bremsstrahlung i n t e n s i t y  spectra,  d i f f e r e n t i a l  

i n  angle and photon energy, generated by t h e  e l e c t r o n  d i f f u s i o n  pro-  

gram ETRAN 15 o f  Berger and S e l t z e r  t o  exper imental  spec t ra  a r e  shown 

f o r  A l ,  Fe, and Au a t  i n c i d e n t  e l e c t r o n  energ ies  o f  1.0 and 2.8 MeV 

a t  severa l  emission angles. Comparisons o f  t o t a l  t ransmiss ion  spec t ra  

a re  g i ven  a t  1.0 MeV f o r  Be, A l ,  Fe, Sn, and Au and a t  2.8 f o r  A l ,  Fe 

and Au. The program was run w i t h  parameters se lec ted  so as t o  reproduce 

the  exper imental  cond i t i ons .  Target  th icknesses were i n p u t  i n  g/cm , 

The c ross -sec t i on  values se lec ted  f o r  use i n  t h e  c a l c u l a t i o n s  were 

those based on the  Be the -He i t l e r  theory  and t h e  experiments o f  A i g i n g e r  

and Rester and Dance . The exper imental  values were used by Berger 

and S e l t z e r  t o  re-normal ize the values from t h e  Bethe-He i t le r  theory  so 

t h a t  t he  t o t a l  r a d i a t i v e  y i e l d  agrees w i t h  t h e  exper imental  y i e l d .  With 

t h i s  method o f  c o r r e c t i o n  t h e  angu lar  d i s t r i b u t i o n s  and the  s p e c t r a l  
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shapes from the  Bethe-He i t le r  theory  a re  no t  a f fec ted .  

range spanned by the  present  comparison, the approximate c ross-sec t ion  

values ob ta ined i n  t h i s  way are  s i g n i f i c a n t l y  d i f f e r e n t  f rom the  measured 

va7ues f o r  Sn and Au a t  1.0 MeV. The expected range o f  e l e c t r o n  energy 

and atomic number f o r  which the  approximat ion may be poor i s  f o r  e l e c t r o n  

energ ies below 2.0 MeV and atomic numbers above 40. 

o the r  parameters used i n  the c a l c u l a t i o n s  which are  considered impor tant  

i s  discussed i n  the  Appendix. 

I n  the  energy 

The choice o f  

Two se ts  o f  c a l c u l a t i o n s  were made t o  generate the  computed 

spect ra.  The f i r s t  c a l c u l a t i o n s  cons is ted  o f  runs i n  which the  e lec -  

t rons  were fo l lowed u n t i l  t h e i r  energ ies f e l l  below about 5% o f  t he  

i n c i d e n t  energy. For a t y p i c a l  run 10,000 e l e c t r o n  h i s t o r i e s  were 

fo l lowed i n  t h i s  manner. I t  was found, however, t h a t  f o r  some back- 

ward angles, t he  s t a t i s t i c a l  accuracy o f  the  computed spect ra above 75% 
o f  t he  end p o i n t  energy was poor, p revent ing  a v a l i d  comparison t o  

experiment. To increase the  accuracy, a d d i t i o n a l  c a l c u l a t i o n s  were 

made, t h i s  t ime f o r  40,000 e l e c t r o n  h i s t o r i e s ,  bu t  w i t h  a c u t o f f  e l e c -  

t r o n  energy o f  60% o f  t he  end p o i n t .  

shown i n  the comparisons i s  a composite i n  the  sense t h a t  the  a d d i t i o n a l  

data above 60% o f  t h e  end p o i n t  energy have been averaged i n .  

example o f  the  e f f e c t  o f  t h i s  procedure i s  seen i n  F ig .  1 f o r  t he  150- 

deg spectrum. A t  about the  midpo in t  o f  t he  spectrum, f l u c t u a t i o n s  

begin t o  occur,  w h i l e  above t h i s  p o i n t  t he  spectrum again becomes smooth 

because o f  t he  a d d i t i o n a l  h i s t o r i e s  fo l l owed  i n  t h i s  reg ion.  

Each o f  t he  computed spec t ra  

An 

The comparisons f o r  A l ,  Fe, and Au a t  1.0 MeV i n c i d e n t  e l e c -  

t r o n  energy a r e  shown i n  F igs.  1-3. The values p l o t t e d  a re  i n t e n s i t i e s  

der ived  by m u l t i p l y i n g ’ t h e  number o f  photons per  energy i n t e r v a l  per  

u n i t  s o l i d  angle by the  energy o f  t h e  midpo in t  o f  a p a r t i c u l a r  i n t e r v a l  

as a f u n c t i o n  o f  photon energy. The c a l c u l a t e d  spec t ra  shown here, and 

a t  2.8 MeV, a r e  averaged over  10-deg a n g u l a r i n t e r v a l s . w i t h  the  midpo in ts  

o f  t h e i n t e r v a l s  equa l i ng  the  exper imental  angles as designated i n  t h e  

f i g u r e s .  The exper imental  values a r e  p l o t t e d  as po in ts ,  and the  

- 3- 



c a l c u l a t i o n s  are  p l o t t e d  as histograms. Agreement between t h e  two 

se ts  o f  spect ra i s  seen f o r  A I  and F e . i n  F igs.  1-2. Comparisons a re  

shown f o r  bo th  o f  these elements a t  15, 45, 75, and 150 deg. For the  

case o f  Au the  comparison a t  1.0 MeV, F ig .  3 ,  
disagreement between the exper imental  and ca l cu la ted  values o f  about 

30% above 40% o f  t h e  end p o i n t  energy, w i t h  the  ca l cu la ted  values 

f a l l i n g  below the  exper imental  values a t  a l l  t h ree  angles shown. A 

d i f f e r e n c e  o f  t h i s  magnitude exceeds the  l i m i t s  o f  exper imental  e r r o r .  

Below 30% o f  t he  end p o i n t  energy the two sets  o f  spect ra a re  essen- 

t i a l l y  i n  agreement, w i t h  the  c a l c u l a t i o n s  c o r r e c t l y  p r e d i c t i n g  the  

s t rong  a t tenua t ion  i n  the t a r g e t  observed exper imenta l l y  a t  60 deg. 

revealed an average 

S i m i l a r  comparisons f o r  A l ,  Fe, and Au are  shown a t  2.8 MeV 

A t  t h i s  energy good agreement i n c i d e n t  e l e c t r o n  energy i n  F igs.  4-6. 
i s  seen f o r  a l l  t h ree  elements. For the  A I  and Fe ta rge ts  comparisons 

are  shown a t  th ree  forward angles and a t  one backward angle. 

Au t a r g e t  o n l y  th ree  forward angles were considered f o r  comparison. 

For the  

Comparisons o f  t he  t o t a l  t ransmiss ion spect ra reveal  sub- 

s t a n t i a l l y  t h e  same trends as were observed f o r  the  comparisons a t  

var ious  angles. A t  1,O MeV, where s i g n i f i c a n t  d i f f e rences  occurred be- 

tween the  c a l c u l a t e d  and exper imental  spect ra a t  the  var ious  angles, 

comparisons o f  t he  t o t a l  t ransmiss ion spec t ra  a r e  shown f o r  Be, A l ,  Fe, 

Sn, and Au t o  a l l o w  a more d e t a i l e d  look a t  t h e  t rend  w i t h  atomic number 

of the  t a r g e t  m a t e r i a l .  I t  i s  seen i n  F igs .  7-8 t h a t  the discrepancy 

between the c a l c u l a t i o n s  and the  experiment sys temat i ca l l y  increases 

w i t h  atomic number, e s p e c i a l l y  i n  the  reg ion  o f  the  spectrum above 30% 

o f  the  end p o i n t  energy. 

A l ,  Fe, and Au revealed agreement between the  c a l c u l a t i o n s  and the  

experiment, agreement is a l s o  observed i n  the  comparisons o f  the  t o t a l  

t ransmiss ion spect ra,  a l though above 2.0 MeV photon energy t h e  e x p e r i -  

mental spec t ra  a r e  somewhat h ighe r  than the  c a l c u l a t e d  spect ra.  

A t  2.8 MeV, where comparisons a t  angles f o r  

- 4- 



Compar i sons o f  t h e  angu 1 a r  d is t r i but  ions o f  bremss t rah 1 ung 

i n t e n s i t y  a t  1.0 and 2.8 MeV a re  shown i n  F igs.  10-11. The c a l c u l a t e d  

p o i n t s  a re  shown as t r i a n g l e s .  These comparisons as expected reveal  

agi-eement a t  both energies f o r  A l ,  but  a s i g n i f i c a n t  discrepancy f o r  

Au a t  1.0 MeV. O f  i n t e r e s t  i s  the  shape o f  the  angular d i s t r i b u t i o n s  

p r e d i c t e d  by t h e  c a l c u l a t i o n s .  

90 deg, the i n t e n s i t y  r i s e s  r a p i d l y ,  reaching a maximum a t  about 100 

deg. I n  F ig .  12 t h e  curves d e p i c t i n g  t h e  rad ia ted  energy as a f u n c t i o n  

o f  i n c i d e n t  e l e c t r o n  energy a re  shown w i t h  both experimental values 

( c i r c l e s )  and c a l c u l a t e d  values ( t r i a n g l e s )  a t  1.0 and 2.8 MeV. The 

curves are l e a s t  squares f i t s  t o  the  exper imental  p o i n t s .  The c a l c u l a -  

t i o n s  are found t o  agree w i t h  the  exper imental  p o i n t s  w i t h i n  the  e s t i -  

mated exper imental  e r r o r .  Except f o r  t h e  1.0 MeV Au p o i n t ,  t h e  

agreement i s  r e a l .  A t  1.0 MeV f o r  Au t h e  apparent agreement is due t o  

the  c a n c e l l a t i o n  o f  d i f f e r e n c e s  i n  averaging over  angle, 

A t  angles s l i g h t l y  g rea te r  than 

-. . 

The d i f f e r e n c e s  observed between t h e  c a l c u l a t e d  spect ra and 

the exper imental  spect ra r e s u l t  f rom the  l a c k  o f  complete bremsstrahlung 

c ross -sec t i on  data i n  t h e  c a l c u l a t i o n s .  The approximate cross sec t i ons  

used i n  the present case a re  no t  good enough i n  the  low energy reg ion  

f o r  h i g h  atomic numbers. I n  F ig .  13 the  t o t a l  cross sect ions d i f f e r e n t i a l  

i n  photon energy f o r  Au taken from DATAPAC f o r  1.0 MeV are shown, as a re  

the  t o t a l  cross sec t i ons  de r i ved  from t h e  exper imental  c ross -sec t i on  

measurements. Al though the  two curves cross,  t h e  values used i n  t h e  

c a l c u l a t i o n  are a f a c t o r  o f  two below t h e  exper imental  curve near the  

end p o i n t  energy o f  1.0 MeV. A t  lower e l e c t r o n  energies the  d i f f e r e n c e s  

i n  the  two se ts  o f  cross s e c t i o n  values a r e  comparable near the  end 

p o i n t s .  The r e s u l t  o f  these l a r g e  d iscrepancies i s  t h a t  t h e  h i g h  

energy t h i c k  t a r g e t  bremsstrahlung y i e l d  is s i g n i f i c a n t l y  under- 

p r e d i c t e d  i n  t h e  c a l c u l a t i o n s .  

-5- 



ELECTRON TRANSMISSION OF THICK TARGETS 

Measurements o f  e l e c t r o n  pene t ra t i on  o f  t h i c k  t a r g e t s  have 

bpen reported2” f o r  bo th  perpend icu la r  and non-perpendi c u l  a r  i n c i  dence 

o f  the  e l e c t r o n  beam t o  the  t a r g e t .  For the  case o f  normal inc idence 

measurements were made a t  1.0 and 2.5 MeV on A 1  and Au ta rge ts ,  f o r  

t a r g e t  th icknesses o f  0.2 the  range and g rea te r ,  as g iven by Berger 

and S e l t ~ e r . ~  

t r a n s m i t t e d  e l e c t r o n s  a t  angles w i t h  respect t o  the  i n c i d e n t  beam 

between 0 and 90 deg on the  t ransmiss ion  s i d e  o f  the  t a r g e t ,  

The measurements r e s u l t e d  i n  a s e t  o f  energy spec t ra  o f  

For t a r g e t s  o f  th icknesses o f  0.4 the  range and g rea te r ,  

e l e c t r o n  d i f f u s i o n  i s  es tab l i shed  i n  t h e  t a r g e t  ma te r ia l  be fo re  pene- 

t r a t i o n  occurs.  Because o f  the  d i f f u s i o n  d i s t r i b u t i o n  e l e c t r o n s  

p e n e t r a t i n g  the  t a r g e t  a r e  found t o  have a x i a l  symmetry w i t h  respect 

t o  t h e  normal t o  t h e  t a r g e t ,  regard less  o f  t he  angle o f  incidence. 

To measure the  energy d i s t r i b u t i o n  o f  the  t ransmi t ted  e l e c t r o n s  f o r  an 

omn i -d i rec t i ona l  e l e c t r o n  f l u x ,  which inc ludes  a l l  angles o f  incidence, 

i t  i s  necessary t o  measure o n l y  a l i m i t e d  number o f  spec t ra  f o r  

d i f f e r e n t  angles o f  incidence and t o  i n t e g r a t e  over i n c i d e n t  angle and 

emission angle. Th is  procedure was fo l lowed f o r  two A1 t a r g e t s ,  a 

Sn t a r g e t ,  and an Au t a r g e t  a t  1.0 MeV i n c i d e n t  e l e c t r o n  energy. 

Comparisons o f  t he  exper imental  spec t ra  a t  7.5,  47.5, and 

77.5 deg f o r  perpend icu la r  incidence t o  corresponding spec t ra  from 

ETRAN 15 a r e  shown i n  F igs .  14-19 a t  an i n c i d e n t  energy o f  1 - 0  MeV fo r  

A 1  t a r g e t s  o f  th icknesses corresponding t o  about 0.2 and 0.4 the range. 

The reg ion  of t h e  d i s t r i b u t i o n  i n  which most o f  the  y i e l d  occurs has 

been p l o t t e d  on an expanded energy sca le  t o  a l l o w  more accura te  

comparison o f  t he  two spectra.  

spec t ra  a r e  very  s i m i l a r  i n  shape, al though the  exper imental  y i e l d  a t  

7.5 deg exceeds t h e  c a l c u l a t e d  y i e l d  by about 15%. A t  77.5 deg the  

s t a t i s t i c a l  f l u c t u a t i o n s  i n  the  c a l c u l a t e d  spectrum a l l o w  o n l y  a q u a l i -  

t a t i v e  comparison o f  the  two spec t ra .  

t a r g e t  a t  1.0 MeV a r e  shown i n  F igs .  20-22; however, even for  the  

A t  7.5 and 47.5 deg the  two se ts  o f  

S i m i l a r  comparisons f o r  an Au 
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th ickness  corresponding t o  0.2 the  range, the  s t a t i s t i c a l  u n c e r t a i n t i e s  

i n  the  c a l c u l a t e d  Au spec t ra  a r e  q u i t e  la rge .  A t  7.5 deg the  s o l i d  

angle increment i s  r e l a t i v e l y  small  and the  r e s u l t i n g  s t a t i s t i c a l  

f l u c t u a t i o n s  a r e  apparent i n  the c a l c u l a t i o n s .  A t  37.5 and 57.5 deg a 

reasonably good comparison can be made. The exper imental  values a r e  

approximately 20% above the c a l c u l a t e d  va lues .  

Comparisons o f  the  t o t a l  t ransmiss ion  spec t ra  f o r  t h r e e  

thicknesses o f  A1 and two thicknesses o f  Au f o r  an i n c i d e n t  e l e c t r o n  

energy o f  1.0 MeV a r e  shown i n  F i g s .  23-27. I n  F ig .  23 the spec t ra  

f rom an e a r l i e r  e l e c t r o n  d i f f u s i o n  program o f  Berger and S e l t z e r  i s  

i nd i ca ted  by dashed l i n e s .  5 9 6  
corporated i n t o  ETRAN 15 r e s u l t  i n  i n t roduc ing  a d d i t i o n a l  s t r a g g l i n g  

i n  the  d i s t r i b u t i o n s .  The o l d e r  c a l c u l a t i o n  was f o r  a t a r g e t  o f  

0.11 g/cm whereas the  c a l c u l a t i o n  w i t h  ETRAN 15 was c a r r i e d  f o r  a 

th ickness  o f  0.10 g/cm2 as i nd i ca ted  i n  the  f i g u r e .  

The ref inements which have been i n -  

2 

Comparisons o f  the  angu lar  d i s t r i b u t i o n s  f o r  t he  measurements 

a t  1.0 MeV a r e  shown i n  F igs .  28-29. 

A t  2.5 MeV i n c i d e n t  energy somewhat b e t t e r  agreement i s  

observed between the c a l c u l a t e d  and exper imental  y i e l d s .  I n  F igs .  30-34 

comparisons a r e  shown a t  severa l  angles f o r  the  two A 1  t a r g e t s  f o r  which 

measurements were made a t  t h i s  energy. Since t h e  measurements were no t  

made a t  mid-po in t  angles of t he  angu lar  b i n s  used i n  the  c a l c u l a t i o n ,  

two c a l c u l a t e d  spec t ra  a r e  p l o t t e d  i n  each f i g u r e  except i n  F i g .  30 f o r  

0 deg. The ang le  of the exper imental  spectrum corresponds t o  the 

boundary o f  t he  two angular b ins ,  w i t h  one b i n  averaging over a 5-deg 

increment a t  sma l le r  angle than the  exper imental  angle and one b i n  

over a 5-deg increment a t  l a r g e r  angle.  

The t o t a l  t ransmiss ion  spec t ra  f o r  t he  A1  and Au t a r g e t s  i n  

F igs .  35-38 i n d i c a t e  agreement between the  experiment and the  ca lcu-  

l a t i o n s  a t  2.5 MeV i n  s p e c t r a l  shapes and t o t a l  y i e l d s  w i t h i n  the  

-7- 



exper imental  e r r o r .  A t o t a l  o f  20,000 e l e c t r o n  h i s t o r i e s  were fol lowed 

t o  o b t a i n  the  c a l c u l a t e d  spectrum shown i n  F i g .  38 where the t ransmi t ted  

f r a c t i o n  was o n l y  8%. Good agreement was a l s o  observed i n  the  compari- 

SODS o f  the  angular d i s t r i b u t i o n s  shown i n  F i g .  39. 

Comparisons of c a l c u l a t e d  and exper imental  spec t ra  f o r  t he  

case o f  non-perpendicular inc idence a re  shown i n  F igs .  40-42. A t o t a l  

o f  100,000 e l e c t r o n  h i s t o r i e s  were fo l l owed  i n  the  c a l c u l a t i o n s .  I n  

F ig .  40 the comparisons f o r  two A 1  ta rge ts  a r e  shown. The exper imental  

p o i n t s  a r e  i nd i ca ted  by open c i r c l e s  and t h e  c a l c u l a t e d  by s o l i d  p o i n t s .  

The spectra,  and those f o r  Sn and Au, represent t o t a l  t ransmiss ion  

spec t ra  f o r  an i n c i d e n t  e l e c t r o n  f l u x  d i s t r i b u t e d  i n  i n t e n s i t y  as the  

cos ine  o f  the  angle o f  incidence. The o r d i n a t e  o f  the p l o t  g i ves  the 

number o f  t ransmi t ted  e l e c t r o n s  per  i n c i d e n t  e l e c t r o n  averaged over the  

cos ine  d i s t r i b u t i o n .  The d i f f e r e n c e s  between the  c a l c u l a t e d  and exper i -  

mental spec t ra  f o r  t he  A1  and Sn t a r g e t s  seen i n  the f i g u r e s  a r e  i n  the  

d i r e c t i o n  expected i n  l i g h t  o f  t h e  approximations made i n  c o n s t r u c t i n g  

the  exper imental  spec t ra .  The somewhat l a r g e r  d i f f e r e n c e  i n  the  y i e l d s  

seen i n  the comparison f o r  the Au t a r g e t ,  however, exceeds t h a t  expected 

from the  approximat ion alone. 
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BREMSSTRAHLUNG CROSS SECTIONS 

Exper imental  bremsstrahlung c ross-sec t ion  values were 

repor ted  f o r  A l ,  Cu, Sn, and Au a t  i n c i d e n t  e l e c t r o n  energ ies o f  0.2, 

1.0, 1.7 and 2.5 

A1 and Au. 

Measurements a t  0.05 MeV were repor ted f o r  
2 

I n  the  e l e c t r o n  energy reg ion  from low energy t o  3.0 MeV, no 

t h e o r e t i c a l  c ross-sec t ion  values a re  ava i l ab le ,  except the  values ca lcu-  

l a t e d  by the Born approximat ion.  

accura te  f o r  a l l  elements i n  t h i s  reg ion.  Recent ly  Brysk, Zerby, and 
8 

Penny repor ted  bremsstrahlung cross sec t ions  f o r  Au i n  the  e l e c t r o n  

energy range from 0.180 t o  0.5 MeV. 

values t o  exper imental  values of Aiginger ’  a t  0.180 and 0.380 MeV 

c l e a r l y  i nd i ca ted  a discrepancy between experiment and theory a t  small 

angles and low photon energ ies.  A t  0.5 MeV the  computed values were 

s u b s t a n t i a l l y  below exper imental  va lue a t  a l l  angles and photon energ ies.  

These values a re  no t  genera l l y  

Comparisons o f  t he  newly computed 

Since the  p u b l i c a t i o n  o f  the  paper o f  Brysk, Zerby, and Penny, 

mod i f i ca t i ons  t o  t h e i r  program have been made which increased the  

accuracy o f  t he  computations. The mod i f i ca t i ons  a l lowed values f o r  A1  

t o  be computed i n  the  low e l e c t r o n  energy reg ion,  whereas p rev ious l y  

o s c i l l a t i o n s  were d i s c e r n i b l e  i n  the  c a l c u l a t e d  spec t ra  f o r  low-Z 

elements. The range o f  e l e c t r o n  energy f o r  which accurate c a l c u l a t i o n s  

can be made was extended t o  both h igher  and lower energ ies.  

Comparisons o f  the  t h e o r e t i c a l  c ross-sec t ion  values from the  

Brysk-Zerby-Penny formulas t o  exper imental  values p rev ious l y  repor ted  

are  shown a t  0.05 and 0.2 MeV f o r  A1 and Au t a r g e t s  i n  F igs .  43-48, I t  

was n o t  poss ib le  t o  o b t a i n  accurate t h e o r e t i c a l  values f o r  an i n c i d e n t  

e l e c t r o n  energy o f  1.0 MeV, the  next  h igher  energy a t  which measurements 

were made. 
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Agreement between the  theory and experiment w i t h i n  the  l i m i t s  

o f  exper imental  e r r o r  i s  seen fo r  A1 i n  F ig .  43 a t  0.05 MeY, except a t  

a photon energy o f  10 keV. A t  10 keV o n l y  t h e  p o i n t  a t  120 deg agrees 

w i t h  the  theory.  A t  10 keV photon energy f o r  Au i n  F i g  44, t h r e e  o f  

t h e  f i v e  exper imental  p o i n t s  a r e  r i g h t  on t h e  t h e o r e t i c a l  curve. The 

p o i n t  a t  20 deg i s  about 12% h i g h  and the  p o i n t  a t  10 deg i s  20% h igh .  

A t  an i n c i d e n t  e l e c t r o n  energy o f  0.20 MeV comparisons f o r  A1 

a t  photon energies o f  46, 76, 106, 166, and 196 keV a re  shown i n  

Figs.  45-46. Good agreement i s  observed a t  a l l  photon energies except 

f o r  t h e  p o i n t s  a t  10 deg a t  photon energies o f  76 and 106 keV, where 

the  exper imental  p o i n t s  a r e  w e l l  above the  theory .  The t r e n d  o f  t h e  

exper imental  values i nd i ca tes  a maximum a t  about 10 deg f o r  these 

photon energies,  w h i l e  the  computed values reach maximum values a t  about 

20 deg. 

end-point  energy, a s i m i l a r  t r e n d  i s  observed w i t h  the  c a l c u l a t e d  values 

peaking a t  l a r g e r  photon angle.  A l so  shown i n  the f i g u r e  a r e  the  Born- 

approximat ion values, p l o t t e d  asdashed 1 i n e  curves. A t  small  angles the  

shape o f  t he  Born-approximation curve i s  s i m i l a r  t o  the  exper imental  

angu lar  d i s t r i b u t i o n ,  a l though the  magnitudes o f  t he  exper imenta lva lues ,  

except f o r  t he  10- and 20-deg p o i n t s ,  a re  i n  agreement w i t h  the  newly 

computed values from the  r e l a t i v i s t i c  s e l f - c o n s i s t e n t  f i e l d  model. A t  

120 and 160 keV t h e  agreement between experiment and the  values from t h e  

mod i f i ed  programs o f  Brysk, Zerby, and Penny i s  good except a t  10 deg 

f o r  a photon energy o f  120 keV, where the  experiment i s  20% h igh .  The 

Born-approximation values are  low a t  t he  h ighe r  photon energies.  

i n  F ig .  47 f o r  Au a t  a photon energy o f  80 keV, o r  40% o f  t h e  

A p l o t  o f  t he  spectrum a t  120 deg f o r  a bombarding energy o f  

0.05 MeV and an Au t a r g e t  i s  shown i n  F ig ,  48. The t h e o r e t i c a l  p o i n t s  

a r e  shown a t  photon energies o f  10, 20, 30 and 40 keV. 
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APPEND1 X 

A documentation o f  the  programs used t o  compute t h e  spec t ra  

shown i n  the  present  r e p o r t  as comparisons t o  experiment has been pub- 

l i s h e d  by Berger and Se l t ze r .  4’ ’’ 
programs a re  provided, i n c l u d i n g  d e f i n i t i o n s  o f  the  i n p u t  parameters 

and the  program op t ions  a v a i l a b l e  t o  the  user. Program l i s t i n g s  and 

p r i n t o u t s  o f  s h o r t  runs a r e  a l s o  given. To s p e c i f y  the  c a l c u l a t i o n s  

shown i n  the present  repo r t ,  some of the op t i ons  se lec ted  are  l i s t e d  i n  

t h i s  sec t i on .  

Reasonably complete d e s c r i p t i o n s  o f  the  

One o f  the  op t i ons  a v a i l a b l e  i s  a choice o f  e l e c t r o n  brems- 

s t r a h l u n g  c ross -sec t i on  values. Th is  choice f o r  the  energy range 

p r e s e n t l y  considered g r e a t l y  a f f e c t s  the t h i c k - t a r g e t  bremsstrahlung 

y i e l d s ,  b u t  p robab ly  has o n l y  a small  e f f e c t  on the  t r a n s m i t t e d  e l e c t r o n  

y i e l d s .  DATATAPE 2 was used i n  bo th  the  bremsstrahlung and e l e c t r o n  

t ransmiss ion  c a l c u l a t i o n s  shown i n  the  preceding sec t ions  ( t h e  e l e c t r o n  

and bremsstrahlung c a l c u l a t i o n s  were c a r r i e d  o u t  i n  separate runs) The 

cross sec t ions  o f  DATATAPE 2 c o n s i s t  o f  values from the  Bethe-He i t le r  

theory ,  mod i f i ed  by a s e t  o f  c o r r e c t i o n  f a c t o r s  dependent on e l e c t r o n  

energy ob ta ined from the  experiments o f  Aiginger ’  and o f  Rester and 

Dance. 1 9 7  

Two programs were used i n  the c a l c u l a t i o n s .  One o f  these, 

DATAPAC 4, accepts b a s i c  data, i n c l u d i n g  the  cross sec t ions  descr ibed 

above, t o  produce t a b u l a r  a r rays  o f  i n fo rma t ion .  The second program, 

ETRWW 15, generates e l e c t r o n  and photon h i s t o r i e s  by random sampling on 

the  bas i s  o f  t he  i n f o r m a t i o n  f rom DATAPAC 4. 
shown i n  t h i s  r e p o r t ,  i n p u t  parameters values i n  DATAPAC 4 were se lec ted  

so t h a t :  

To c a l c u l a t e  t h e  spec t ra  

(1)  

(2 )  a screening f u n c t i o n  f rom the M o l i e r e  theory was used; 

the  Mot t  s c a t t e r i n g  cross sec t i ons  were used; 
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(3 )  energy loss  was l o g a r i t h m i c  w i t h  successive energies re-  

duced by a cons tan t  f a c t o r ;  and 

(4) f o r  A l ,  Fe, and Sn the  number o f  g r i d  i n t e r v a l s  t o  reduce 

the  energy by a f a c t o r  o f  two was 8; f o r  Au, 16. 

Choices o f  i npu t  parameter values of ETRAN 15 were made so 

t h a t :  

(1) energy l oss  s t r a g g l i n g  was considered; 

( 2 )  knock-on de 1 t a  rays we r e  i nc 1 uded ; 

(3)  d i r e c t i o n s  o f  p r imary  e l e c t r o n s  were unchanged a f t e r  

i n e l a s t i c  c o l l i s i o n s ;  

h i s t o r i e s  o f  secondary photons were f o l  lowed; 

i n t r i n s i c  bremsstrahlung emission angles were sampled 

(4) 
(5) 

from cross-sec t ion  tab les ;  
2 

(6) t a r g e t  thicknesses were read i n  g/cm ; 

(7) 10,000 pr imary  e l e c t r o n  h i s t o r i e s  were f o  

t h  i ck- t a r g e t  bremsst rah ung c a l  cu l  a t  i ons ; 

20,000 pr imary  e l e c t r o n  h i s t o r i e s  were f o  

d i  f f u s  i on  spec t ra .  

(8) 

lowed i n  the 

and 

lowed i n  the  
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FIGURE 1 e COMPARISONS OF EXPERIMENTAL AND CALCULATED BREMSSTRAHLUNG 
I N T E N S I T Y  SPECTRA. THE CALCULATED SPECTRA ARE SHOWN AS 
HISTOGRAMS. 
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FIGURE 2.  COMPARISONS OF EXPERIMENTAL AND CALCULATED BREMSSTRAHLUNG I N T E N S I T Y  
SPECTRA. THE CALCULATED SPECTRA ARE SHOWN AS HISTOGRAMS. 
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FIGURE 3 .  COMPARISONS OF EXPERIMENTAL AND CALCULATED BREMSSTRAHLUNG I N T E N S I T Y  
SPECTRA. THE CALCULATED SPECTRA ARE SHOWN AS HISTOGRAMS. 
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F I GURE 4. COMPAR I SONS OF EXPER IMENTAL AND CALCULATED BREMSSTRAHLUNG I NTENS ITY 
SPECTRA. THE CALCULATED SPECTRA ARE SHOWN AS HISTOGRAMS. 
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FIGURE 5. COMPARISONS OF EXPERIMENTAL AND CALCULATED BREMSSTRAHLUNG I NTENS ITY 
SPECTRA. THE CALCULATED SPECTRA ARE SHOWN AS HISTOGRAMS. 
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FIGURE 6. COMPARISONS OF EXPERIMENTAL AND CALCULATED BREMSSTRAHLUNG I N T E N S I T Y  
SPECTRA. THE CALCULATED SPECTRA ARE SHOWN AS HISTOGRAMS. 
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F I GURE 8. COMPAR I SONS OF EXPER I MENTAL AND CALCU'LATED TOTAL TRANSM I S S  I ON 
SPECTRA FOR A I ,  Fe, AND Au. THE CALCULATED SPECTRA ARE SHOWN 
AS H I STOGRAMS 
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FIGURE 9. COMPARISONS OF EXPERIMENTAL AND CALCULATED TOTAL TRANSMISSION 
SPECTRA FOR A l ,  F e ,  AND Au .  THE CALCULATED SPECTRA ARE SHOWN 
AS HISTOGRAMS. 
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FIGURE 10. ANGULAR D I S T R I B U T I O N S  OF BREMSSTRAHLUNG I N T E N S I T I E S ,  INTEGRATED 
OVER PHOTON ENERGY, k > 0.050 MeV, FOR 1.0 MeV ELECTRONS ON T H I C K  
TARGETS OF Be, A l ,  F e ,  Sn, AND Au.  MONTE CARLO CALCULATED VALUES 
FOR A1 AND A u  ARE SHOWN AS TRIANGLES.  
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FIGURE 1 1 .  ANGULAR D I S T R I B U T I O N S  OF BREMSSTRAHLUNG I N T E N S I T I E S ,  INTEGRATED 
OVER PHOTON ENERGY, k > 0.171 MeV, FOR 2.8 MeV ELECTRONS ON 
T H I C K  TARGETS OF A l ,  Fe, Sn, AND A u .  MONTE CARLO CALCULATED 
VALUES FOR A1 AND A u  ARE SHOWN AS TRIANGLES. 
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FIGURE 12. COMPARISON OF TOTAL RADIATED ENERGIES. THE LOWER CUT-OFF ENERGIES 
FOR 0.2, 1.0, 2.0 AND 2.8 MeV ARE 36, 50, 133, AND 171 ke'J. 
LATED VALUES ARE SHOWN AS TRIANGLES. 
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F IGURE 13.  TOTAL BREMSSTRAHLUNG CROSS SECTION CURVES. THE DASHED CURVE I S  
BASED ON E X P E R I M E N T .  T H E  S O L I D  L I N E  CURVE REPRESENTS CROSS SEC- 
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SPECTRA. T H E  CALCULATED SPECTRUM- IS SHOWN I N  HISTOGRAM FORM 
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FIGURE 16. COMPARISON OF EXPERIMENTAL AND CALCULATED ELECTRON TRANSMISSION 
SPECTRA. THE CALCULATED SPECTRUM I S  SHOWN I N  HISTOGRAM FORM. 
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OF T R A N S M I T T E D  ELECTRONS FOR A 1  TARGETS OF 0.2,  0.4 AND 0.6 T H E  
RANGE A T  1 .O M e V .  

-41 - 



a CALC 

a EXP 

ANGLE (DEG) 

FIGURE 29. COMPARISON OF MONTE CARLO AND EXPERIMENTAL ANGULAR D I S T R I B U T I O N S  
OF TRANSMITTED ELECTRONS FOR A u  TARGETS OF 0.2 AND 0.4 THE RANGE 
A T  1.0 MeV. 

-42- 



0-5 deg 

1.6 2.0 2 . 2  2.4 

ELECTRON ENERGY (MeV) 

F I GURE 30. COMPAR I SON OF EXPER IMENTAL 'AND CALCULATED ELECTRON TRANSM I ss I ON 
SPECTRA. THE CALCULATED SPECTRUM I S  SHOWN I N  HISTOGRAM FORM. 

-43-  



2.0 

1 .o 

0 

To = 2.5 MeV 

Z = 1 3  

o = 20 deg 

t = 0 . 3 1  g/crn2 

' I  I 

I 
1 
I 
I 

I 
b. 

r ___c. 20-25 deg 

1.6 1.8 2.0 2.2 . 2.4 

ELECTRON ENERGY (MeV) 

FIGURE 3 1 .  COMPARISON OF EXPERIMENTAL AND CALCULATED ELECTRON TRANSMISSION 
SPECTRA. THE CALCULATED 'SPECTRA ARE SHOWN I N  HISTOGRAM FORM. 

-44- 



0.3 

0.2 

0.1 

0 

a 

To - 2.5 MeV 

. z  - 13 

m 

I 

e- 

o = 45 deg 

t = 0.31 g/cm2 

1.6 1.8 2.Q 2.2 2.4 

ELECTRON ENERGY (MeV) 

FIGURE 32.  COMPARISON OF EXPERIMENTAL AND CALCULATED ELECTRON TRANSMISSION 
SPECTRA. THE CALCULATED SPECTRA ARE SHOWN IN HISTOGRAM FORM. 

-45- 



1.4 

5 
W 

1.0 

u z 
\ 
U J  z 
0 
fY 
L 

- 0.8 

i, 
W 

0.6 

0.4 

0.2 

0 

1 .o 1.2 1.4 1.6 1.8 

ELECTRON ENERGY (MeV) 

FIGURE 33. COMPARISON OF EXPERIMENTAL AND CALCULATED ELECTRON TRANSMISSION 
SPECTRA. THE CALCULATED SPECTRA ARE SHOWN IN HISTOGRAM FORM. 

-46- 



1.1 

I 
v) 

I > 

I z 
0 
t- u 
w 
4 

I- 
t 
w 
CI 

u z 
v) z 
0 a: 
t- u 
w 

2 1 . 2  

w 1 . 0  

- 
i . 0.E 

z: 0.6 

0.4 

F I  

0.2 

0 

GURE 

I 

To = 2.5  M e V  

Z = 13 t = 0.62 g/cm2 

0 = 20 deg 

I 

. 

m 

ELECTRON ENERGY ( M e V )  
34. COMPAR I SON OF EXPER I MENTAL AND CALCULATED ELECTRON TRANSM I ss  

SPECTRA. THE CALCULATED SPECTRA ARE SHOWN I N  HISTOGRAM FORM. 
I ON 

-47- 



7.0 

6.0 
$ I 

z 

c 
.J 
W 

z 
0 e 

w 
-I 
W 

z 
$ 5.0 

2 

$ 4.0 

3.0  

2.0 

1 .Q 

0 

To = 2.5 MeV 

Z = 13 

t = 0.31 g/crn2 

ENERGY (MeV) 

FIGURE 35. COMPARISON OF EXPERIMENTAL AND CALCULATED TOTAL TRANSMISSION. 
THE CALCULATED SPECTRUM I S  SHOWN IN ’HISTOGRAM FORM. 

-48- 



3 
P) 

z 
0 
p: 

W 
4 
W 
\ 
v) z 
0 

f 

E 

t; 
W 
4 
W 

3.0  

2.5 

2.0 

1.5 

1 .o 

05 

0 

To = 2.5 MeV 

t = 0.62 g/cm2 

z = 13 

, ENERGY (MeV) 

I 

, ENERGY (MeV) 

F I GURE 36. COMPAR I SON OF EXPER I.ME.NTAL AND CALCULATED TOTAL TRANSM I SS I O H .  
THE CALCULATED SPECTRUM I S  SHOWN I N  HISTOGRAM FORM. 

-49- 



N 
E 

Q\ 
h 

II 
N 

co 
0 d 0 

N 

0 

-50- 



0 
I - - N  @ 

a 4- hl 0 
9 0 

0 0 

co 

0 
9 
0 

9 

AaW - NOY13313 l N 3 a 1 3 N I / S N 0 ~ 1 3 3 1 3  

c 

3 . 
c 

0 
c 

b n  

0 

hl 

0 

J m  a- 
!z= 
w 3  
X l Y  
- I -  
lYu 
w w  
Q L  
x m  
W 

n 
I L w  
0 1 -  
Z J  
03 
m u  
- A  

Q 

o x  u c  

a 

e a  a u  

co 
M 

W 

3 

-51 - 



10-0 

z 
0 
lY 
t- 

-I 
w 
I- 
Z 
W 

U 

z: 

E 
z 
2 
0 
K 
I- 

-I 
w .  

10-1 

10-2 

10-3 

To  = 2.5 MeV 

r u n  CALC 

0 20 40 60 80 100 

ANGLE K E G )  

FIGURE 39. COMPARISON O F  MONTE CARLO AND EXPERIMENTAL ANGULAR D I S T R I B U T I O N S  
OF TRANSMITTED ELECTRONS FOR A 1  AND A u  TARGETS OF 0.2 AND 0.4 THE 
RANGE A T  2.5 MeV. 

-52- 



1.6 

1.4 

> 

I 
3L 
0 
ri 

' W  
A 

I- z 
W 

0 z 
\ 
v) z 
0 rr: 

W 
A 

p 1.2 

5 
W 1.0 

n - 
- 0.8 

5 
w 0.6 

0.4 

0.2 

To = 1 .O MeV 

0 ii 

d ' I  

z = 13 
o EXPER'I MENTAL 
0 CALCULATED 

2 0.22 g/cm 
(P = 0.4) 

ip 

0.2 0.4 0.6 0.8 1 .o 
ELECTRON ENERGY (MeV) 

1 

FIGURE 40. COMPARISON OF EXPERIMENTAL AND CALCULATED TOTAL TRANSMISSION 
SPECTRA FOR AN I N C I D E N T ,  COSINE-LAW FLUX. 

-53- 



0.2 

10.1 

To = 1.0 MeV 

Z = 50 
t 

0-- C a l c  
0 -  E x p  

= 0.42 RangeSn-  1.0 MeV 

0.4 0.6' 0.8 

ELECTRON EdERGY (MeV) 

0 

FIGURE 41. COMPARISON OF EXPERIMENTAL AND CALCULATED TOTAL TRANSMISSION 
SPECTRA FOR AN INCIDENT,  COSINE-LAW FLUX.  

-54- 



-1c 

1.4 

1 . 2  

1 .o 

0.8 

0.6 

0.4 

To = 1 .O MeV: 
z = 7 9  
E x p  p = 0 . 1 9  0 
C a l c  p = 0.20 a 

0. , 2  

0 0  

I 
t i  

0 .  

ELECTRON ENERGY (MeV) 

F I G U R E  42 .  COMPARISON OF EXPERIMENTAL AND CALCULATED TOTAL T R A N S M I S S I O N  
SPECTRA FOR AN I N C I D E N T ,  COSINE-LAW F L U X .  

-55- 



8. 

6. 

4. 

h 

C 
m 

2 

0 

To = 0.05 MeV 

T z = 13 

40 120 

PHOTON ANGLE (deg) 

F IGURE 43. BREMSSTRAHLUNG CROSS SECTION VALUES FROM THE WORK OF BRYSK, 
ET A L  (REF 8 >.  EXPERIMENTAL VALUES ARE SHOWN AS P O I N l S .  -- 

-56- 



4.c  

2.0 

0.0 

4.c 

2.0 

0.0 

4.0 

2.c 

0.c 

4.a 

2.C 

0.c 

E = 20 keV 

40 80 120 

PHOTON ANGLE (deg) 

FIGURE 44. BREMSSTRAHLUNG CROSS SECTION VALUES FROM THE WORK OF BRYSK , 
E T  A L  (REF 8 ) .  EXPERIMENTAL VALUES ARE SHOWN AS POINTS.  
I- 

-57- 



6.0 

4.0 - 
C 
9 

-0 

a 44 
m 
\ 

L 
9 

.- 
E 

c 2.0 

n .- 
7 

c .- 
E - 
G 0.0 $1 ; 

A 1% 

2 . c  

0.c 

To =. 0.20 MeV 

E = 46 keV 
z =113 

\ 

1 1 I I I 1 
40 80 120 

PHOTON ANGLE (deg) 

F IGURE 45. BREMSSTRAHLUNG CROSS SECTION VALUES FROM THE WORK OF BRYSK,  
E T  A L .  EXPERIMENTAL VALUES ARE SHOWN AS P O I N T S .  -- 

-58- 



2.0  

1 .o 

h 

C .- 
-0 0.c 
2 
tJl 2 . c  
0)  
44 

\ 

L m n .- 
c 
c .- 
E 

1 .c v 

c 
41 

2 1% 
0.t 

1 .( 

O.! 

0.1 

To = 0.20 MeV 

Z = 13 
E = 106 keV 

I t 1 I 1 1 

E = 166 keV 

0 

P 
/ 

\ O  \ 

196 keV 

I I I 1 1 -  I 

40 80 120 

PHOTON ANGLE (deg) 

F I G U R E  46. BREMSSTRAHLUNG CROSS SECTION VALUES FROM THE WORK OF BRYSK, 
E T  AL .  EXPERIMENTAL VALUES ARE SHOWN AS POINTS.  -- 

-59- 



E - I60 k d  

0 40 80 120 

PHOTON ANGLE (deg) 

F I G U R E  47. BREMSSTRAHLUNG CROSS S E C T I O N  VALUES FROM THE WORK OF B R Y S K ,  
E T  A L  ( S O L I D  L I N E S )  AND T H E  BORN-APPROX. (DASHED L I N E S ) .  EX- 
PERIMENTAL VALUES ARE SHOWN AS P O I N T S .  
-- 

-60- 



F I G U R E  48. BREMSSTRAHLUNG CROSS SECTION VALUES A T  120 DEG. THE THEORETICAL 
VALUES ARE SHOWN A T  PHOTON ENERGIES OF 10, 20, 30, and 40 k e V .  

-61 - 


